Introduction
============

The ingenious theory of transformation optics proposed by Pendry *et al.*^[@bib1]^ gives the ability to control electromagnetic waves. Due to this extraordinary feature, transformation optics has many applications, such as cloaking devices^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^, superlenses^[@bib7],\ [@bib8],\ [@bib9]^ antennas^[@bib10]^ etc. Among them, the most attractive is a cloaking device that can direct light to propagate smoothly around an object, making it disappear for the viewers^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^. Since the transformation-based cloak was firstly proposed, extensive theoretical and experimental works have been developed to demonstrate the functionality of this interesting device^[@bib11],\ [@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18],\ [@bib19],\ [@bib20]^. An important feature of this invisibility cloak is that the object should be enclosed by the cloaking shell, such that no incident wave can penetrate into the hidden region.

In order to hide an object at a distance, Lai *et al.*^[@bib21]^ proposed the 'anti-object' concept^[@bib22]^, a complementary 'image' object that cancels the scattering field generated by a pre-specified object. Based on this method, a scheme for illusion optics^[@bib23]^ was further introduced to generate the illusion of transforming one object into another one. A key feature of a remote cloak is that it does not require the cloak shell to enclose the object. However, unlike the original cloak that can hide any arbitrary object^[@bib1]^, Lai's remote devices are designed for a particular object with known shape, size, and position. Therefore, the cloak can operate only for a specific object, and a little change in its position can destroy the exact restoration and cancellation of the optical path of the incident wave. Another approach to remote cloaking was investigated to design active exterior cloaks^[@bib24]^ that require advance knowledge of the phase information and of the incoming probing wave. In (Ref. [@bib25], [@bib26]), Milton and Nicorovici *et al* proposed an external cloak that can hide a countable set of dipoles with the help of a cylindrical superlens. However, that cloak can only work in the quasistatic limit for polarizable lines. In short, a remote cloaking device that can hide any arbitrary object is still elusive.

In this Letter, we propose the design for a remote cloaking device that requires no knowledge of the hidden object's shape and material. Our designing technique is based on multi-folded transformation optics^[@bib27]^ to remotely produce a hidden region into which the incoming electromagnetic waves cannot penetrate, and that does not alter the far-field scattering field. Therefore, the device can still rendered invisible even with the existence of such hidden region. Most importantly, the proposed device is not based on the 'anti-object' concept and the hidden object is not restricted to move within a certain range of the hidden region to avoid affecting the outer boundary field pattern. Our new designed device has no physical attachment with the hidden object so any object inside the hidden range can move freely. We further extend this idea to design an object-independent remote illusion optics that remotely creates the illusion of any object in this hidden region looking like another object. Full-wave finite element simulations validate the expected behavior of our proposed device.

[Figure 1a](#fig1){ref-type="fig"} shows the schematics of a conventional cloak^[@bib1]^ that conceals an object inside the cloak region without altering the incoming field. This is achieved using a coordinate transformation to create a hole in the center such that no fields can penetrate inside the cloak but the outside field remains unaltered. Therefore, any object inside the cloak is invisible to the outside observers. A conventional remote cloaking^[@bib21]^, instead, cloaks a pre-specified object outside of the cloaking shell by using the 'anti-object' concept. The idea is illustrated in [Figure 1b](#fig1){ref-type="fig"}, where an object with constitutive parameters *ε*(*r*) and *μ*(*r*) is placed in free space (on the right), and a complementary image object with negative constitutive parameters is embedded in the complementary media (on the left). As a consequence, the object and the complementary media with anti-object cancel the scattering field generated by the object and the object becomes undetectable.

Materials and methods
=====================

Unlike the methods mentioned above, in this paper we aim to create a hidden region at a distance, so that any object moving inside this hidden region can be invisible, as shown in [Figure 2a](#fig2){ref-type="fig"}. Therefore, this remote cloaking device is object-independent. Here, as an example, the remote cloaking device is made of two elements that create a hidden region, but the same method can be extended to an arbitrary number of elements. [Figure 2b](#fig2){ref-type="fig"} depicts the effect of this object-independent remote cloaking device in free space. The figure shows the equivalent virtual space created by the device and how the wave can propagate through the cloak without any perturbations. [Figure 2c](#fig2){ref-type="fig"} illustrates the schematic diagram of our proposed remote cloaking device with two transformation steps. In the first step, a square shaped space filled with air placed in the virtual space (*x*,*y*,*z*) is transformed into a conventional cloak (light blue segments). In the next step, the cloak is divided into four segments (delimited by dashed lines and denoted *A*, *B*, *C* and *D*); the second transformation function on each segment is used to compress the whole segment as *A*′, *B*′, *C*′ and *D*′, respectively, so that the cloak is open and does not require enclosing the hidden object. As shown in [Figure 2c](#fig2){ref-type="fig"}, each segment is further divided into four regions. For example, segment *A'* contains the region I (green), represented by (*x*~1~,*y*~1~,*z*~1~), region II (dark blue), denoted by (*x*~2~,*y*~2~,*z*~2~), region III (orange), denoted by (*x*~3~,*y*~3~,*z*~3~), and region IV (purple) denoted by (*x*~4~,*y*~4~,*z*~4~). A zoomed-in view of the proposed system, clarifying the design methodology, is presented at the most right side of [Figure 2c](#fig2){ref-type="fig"}. Consequently, we compress the complete black dashed lined area into the region I and region II. It should be noticed that the material parameters of region II are obtained from the conventional square cloak. Thereafter, a folded transformation is used to compensate the discontinuity due to the compressing coordinate transformation. In this case, the regions III and IV are obtained with different parameters at different folding ranges. The materials in these two regions are complementary materials that have been used to compensate some space in the lens design^[@bib7]^. *x*~*n*~, *y*~*n*~ and *z*~*n*~ indicate the coordinate system of each region, where *n*=1, 2, 3 and 4.

For the first step shown in [Figure 2c](#fig2){ref-type="fig"}, the constitutive parameters of the conventional cloak are obtained from (Ref. [@bib6]), the resulting permittivity and permeability tensors for the segment *A* of the conventional square cloak can be expressed as:

with

The half of the side lengths of the inner and outer square are *s*~1~ and *s*~2~ respectively (see [Figure 2c](#fig2){ref-type="fig"}).

In the next step, we apply the second transformation as shown in [Figure 2c](#fig2){ref-type="fig"}. It should be noted that although here we use a square shaped cloak as an example, the method can be applied to cloaks of any shapes^[@bib19],\ [@bib20]^. We take the segment *A*′ as an example (the other three segments *B*′, *C*′ and *D*′ can be analyzed in a similar way due to the symmetry of the cloak), the transformation equations of the regions I and II in the Cartesian coordinates are given

where *κ*=tan *β*/tan *α*. The constitutive parameters for the regions I and II are obtained from the Jacobian transformation matrix as follows:

Moreover, the folded transformations are applied to the regions III and IV. Taking the orange area in the first quadrant as an example in region III, leads to the transformation equation:

where *τ*=tan *γ*=( tan *α* +tan *β*)/2 and *P* is the intersection point of all the regions at the horizontal-axis. The material parameters of the complementary material for this region are:

Similarly, taking the purple area in the second quadrant as an example in region IV, gives the transformation equation and the constitutive parameters:

where *τ*~1~=tan *γ*~1~=(tan *α*~1~ +tan *β*~1~)/2 and *P*~1~ is the coordinate value along the *x*-axis. The other parts of these complementary regions transform in a similar way, that for brevity we do not write in this Letter. In addition, due to the symmetry of the cloak, the permittivity and permeability tensors of the other domains i.e. *B*′, *C*′ and *D*′ can be obtained by rotating all of the corresponding tensors shown above by π/2, π, and 3π/2, respectively.

In short, we apply a second step transformation to the conventional enclosed cloak design. By compressing the different segments, the hidden region is open to the outer space and the cloaking device can work remotely. Folded transformations are also applied to satisfy the boundary continuity. A detailed general transformation function is described in the [Supplementary Material](#sup1){ref-type="supplementary-material"}.

Results and discussion
======================

The following section summarizes the full wave simulations of the proposed remote cloaking device by adopting the scattered transverse electric (TE) mode with a frequency of 3 GHz and by using the 2D finite element simulator (COMSOL). For the closed square cloak, the simulation uses the following parameters: *s*~1~=0.075 m and *s*~2~=0.1 m, the compression ratio *κ*=0.8 with *α*=45°, *γ*=42° and *β*=38.66° for the regions I and II. Additionally, *τ*=0.9 with the same *α*, *γ* and *β* in the region III and *τ*~1~=2.7 with *α*~1~=71.57°, *γ*~1~=69.68° and *β*~1~=67.38° for a different folding range of region IV.

The material parameters for each region in segment *A*′ are shown in [Figure 3](#fig3){ref-type="fig"}. It should be noted that all the parameters are transformed into the diagonal form. For region I, all the parameters are homogeneous, positive and anisotropic, as shown in [Figure 3a](#fig3){ref-type="fig"}. For regions III and IV, as a consequence of the folding transformation, all the parameters are negative and highly anisotropic, as shown in [Figures 3b and 3c](#fig3){ref-type="fig"}. For region II, since it is obtained from applying the second transformation to the conventional square cloak, all the parameters are inhomogeneous and highly anisotropic. [Figure 3d](#fig3){ref-type="fig"} shows the distribution of the parameters in region II. For *ε*~*v*~ or *μ*~*v*~, an inset shows a color bar range of the distribution with *x* from 0.075 to 0.078 m. The white dotted line represents the position of the *x*-axis in region II and a plot of the parameters along this line is also shown in [Figure 3d](#fig3){ref-type="fig"}.

In [Figure 4](#fig4){ref-type="fig"}, we consider the electric field components of the wave for objects of different shape and compare the field behaviors for each with and without the remote cloaking device. In [Figure 4a](#fig4){ref-type="fig"}, a perfect electric conductor (PEC) circle with a radius of 0.03 m is placed in the air and is subjected to a plane wave. In this case, the field is scattered. In [Figure 4b](#fig4){ref-type="fig"}, the remote cloaking device is used to cloak the PEC circle. It can be seen that the scattering field caused by the PEC circle (visible in [Figure 4a](#fig4){ref-type="fig"}) is well minimized by the open cloaking device and the PEC circle becomes invisible. It should be noted that, although the remote cloaking device is open, the center field region it creates is a hidden region that no wave can penetrate, and therefore, any change of the objects does not affect the performance of the cloak. In order to verify this, we changed the hidden object to be a PEC square, and a dielectric star shaped object with *ε*~0~=5 and *μ*~0~=1, respectively. The results shown in [Figures 4c--4f](#fig4){ref-type="fig"} illustrate that the scattering caused by these different objects can be well minimized by the same remote object-independent cloak. [Figures 4g--4i](#fig4){ref-type="fig"} show the calculated far field differential RCS via different azimuthal angles for all the three cases. The blue lines represent the RCS with the bare object, while the red lines represent the RCS with the cloak. The results show that for different objects, the scattering is much larger without the cloaking device than with the cloaks, especially for the forward scattering. Moreover, for different objects with the external cloaking device, the RCS are the same, which is a proof of the object independence of our cloaking device.

The required parameters for regions III and IV have double negative values for both the permittivity and permeability as described by [Equation (7)](#equ7){ref-type="disp-formula"} and [Equation (9)](#equ9){ref-type="disp-formula"}. This will lead to loss and dispersions. In the following, we show how the material dispersion will influence the cloaking effect. For the ease of discussion, we use a Drude model for permittivity and a Lorentz model for permeability:

where Γ~*e*~ and Γ~*h*~ are damping constants for the electric and magnetic field, respectively, while *F* is the filling ratio. From previous works^[@bib28]^, it can be seen that Γ~*h*~/*ω*~0~ can reach values as low as 10^−3^. In low frequencies, the damping constant can be further reduced^[@bib29]^. Accordingly, in our simulation we choose Γ~*e*~=Γ~*h*~=1e^7^ Hz and *F*=0.5, at the working frequency of 3 GHz. Different *ω*~*p*~ and *ω*~*o*~ are also chosen separately to satisfy the required negative values in the working frequency. The reduction of the total RCSs by this cloaking device compared with the bare object via different frequencies is shown in [Figure 5](#fig5){ref-type="fig"}. It is evident that the dispersion will affect the cloaking performance very much and that the cloak can only work in a small frequency band.

To further show how the loss will influence the cloaking effect, we make simulations with some loss in the ideal parameters. The frequency is set to be 3 GHz and we use *ε*=*ε*~*r*~(1 + *iδ*) and *μ*=*μ*~*r*~(1 + *iδ*) for the region III and IV, where *ε*~*r*~ and *μ*~*r*~ are the ideal parameters from [Equation (7)](#equ7){ref-type="disp-formula"} and [Equation (9)](#equ9){ref-type="disp-formula"}. *δ* is the loss tangent for the negative values in region III and IV. For the dispersion model mentioned above, the magnitude of the loss tangent is *δ*=0.001. Since the first double negative metamaterial has been experimentally realized^[@bib30]^, many successive studies have been done to minimize the loss^[@bib28],\ [@bib31]^. The loss of the metamaterials can be further reduced by adding some gain elements^[@bib32],\ [@bib33]^. In the simulation, we set the loss tangent to be 0.0001, 0.001, 0.01 and 0.1, respectively. The total field distributions with different loss tangents are shown in [Figure 6](#fig6){ref-type="fig"}. The calculated far field differential RCSs via different azimuthal angles with different losses compared to those of the bare object are also provided in each figure. One can see that a big loss will destroy the cloaking effect, leading to a forward scattering even higher than that of the bare object, but the performance is still acceptable when the loss is relatively small.

To realize such an external cloaking device will be a big challenge due to its complicated parameters, especially for regions III and IV that have negative and highly anisotropic values for both permittivity and permeability. Here we propose a possible metamaterial structure that could be used to mimick the parameters of the cloaking device. We take the transverse magnetic polarization as an example. The related constitutive parameters in the simulation are *ε*~1*u*~=1.25, *ε*~1*v*~=0.8, *μ*~1*w*~=1.25, *ε*~3*u*~=−0.1983, *ε*~3*v*~=−5.0417, *μ*~3*w*~=−1 and *ε*~4*u*~=−0.0321, *ε*~4*v*~=−31.1279, *μ*~4*w*~=−1 for region I, III and IV, respectively. Region II is inhomogeneous; choosing the position at *x*=0.08 m and *y*=0 m as an example we get *ε*~2*u*~=0.07813, *ε*~2*v*~=12.8, *μ*~2*w*~=1.25. The structure is shown in [Figure 7a](#fig7){ref-type="fig"}, which is composed of split-ring resonators (SRRs) and metal rods together. With the dimensions and parameters described in the Figure caption, we can get the parameters shown in [Figures 7b--7e](#fig7){ref-type="fig"}. The retrieved results match well with the required parameters at the frequency of 3 GHz. This therefore demonstrates the possibility of realization of our cloaking device.

This multi-folded transformation optics method can be similarly extended to design remote illusion optics. The real space of object-independent illusion optics is illustrated in [Figure 8a](#fig8){ref-type="fig"}. In this scenario, the remote device, embedded with the compressed object selected for the illusion, is used to create the hidden region. [Figure 8b](#fig8){ref-type="fig"} demonstrates the illusion effect created by the illusion device. In general, any object (here a flower is shown as an example) inside the hidden region will turn into another object, e.g., a stick. The schematic diagram of the proposed illusion optics is shown in [Figure 8c](#fig8){ref-type="fig"}. This device is based on the remote cloaking device discussed earlier, with the addition of an illusionary object embedded inside the remote cloaking device. Here, as an example, we used a dielectric stick as embedded object. The stick is first transformed and adjusted into the segment *B* of the conventional cloak, and further compressed in the second transformation step with the same equation as regions I and II for segment *B*′ of the proposed remote cloaking device.

[Figure 9a--9f](#fig9){ref-type="fig"} is the simulation result that demonstrates the functionality of the remote illusion device in transforming one image into another. In [Figure 9a](#fig9){ref-type="fig"}, a dielectric flower with *ε*~*f*~=3 and *μ*~*f*~=1 is placed at the center, with a plane wave incident from left to right. [Figure 9b](#fig9){ref-type="fig"} shows the scattering pattern of the flower with the remote illusion device placed beside it, while [Figure 9c](#fig9){ref-type="fig"} shows the scattering pattern of a dielectric stick of 0.02 m with *ε*~*s*~=5 and *μ*~*s*~=1. Comparing the field patterns of [Figure 9a--9c](#fig9){ref-type="fig"}, it is evident that the remote illusion device makes the flower behave like if there were a stick. Furthermore, the device is omnidirectional. For example, [Figure 9d--9f](#fig9){ref-type="fig"} shows the simulated results when the propagation direction of the incident plane wave is rotated by *π*/4. The material parameters and functionality in [Figure 9d--9f](#fig9){ref-type="fig"} are the same as in [Figure 9a--9c](#fig9){ref-type="fig"}, respectively. One can see that the scattering pattern of [Figure 9e](#fig9){ref-type="fig"} is identical to [Figure 9f](#fig9){ref-type="fig"}, which is a proof that the proposed remote illusion device is without any limitation of incident wave's direction. It is important to realize that, since the center region we created is a hidden region, the object to be transformed is not limited to be made of dielectric materials. This shows that the remote illusion device can be applied to any arbitrary object.

Conclusions
===========

We proposed a new recipe to remotely conceal any arbitrary object by applying multi-folded transformation optics. This remote device can hide any object from a certain distance and it can be used to remotely change the field pattern of one object into that of another one. The hidden object can move freely inside the hidden region created by the proposed device, and it can change shape, without requiring the cloak to create different anti-objects for each different structure. Due to the material dispersed, the device we proposed is still limited to a small frequency band. Still, the multi-folded transformation method will be very helpful to design many other remote devices such as remote waveguides, remote antennas, sensors etc., that will be very useful in future microwave and optical applications.
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![Illustration of the ideal conventional cloak and the anti-object remote cloaking device. (**a**) A conventional cloak^[@bib1]^ is used to conceal the hidden object with its cloaking shell, so that the hidden object is not penetrated by EM waves. (**b**) An object dependent remote cloaking device proposed by Lai *et al.*^[@bib21]^ is based on the 'anti-object' concept, which is used to conceal the object outside of the cloaking shell, in which a complementary media embedded with a complementary image of the cloaked object is used to cancel the scattering effect of the actual cloaked object.](lsa2016177f1){#fig1}

![Schematic diagram of the proposed object independent remote cloaking device. (**a**) One or several remote devices can be used to realize the hidden region in the real space. For comparison, the equivalent virtual space generated by such device remains similar to that of an ideal cloak (**b**). (**c**) Schematic diagram of the proposed remote cloaking device, based on two steps. At the first step the virtual space is transformed into a closed square cloak with four different segments (here labeled *A*, *B*, *C* and *D*) and then a multi-folded transformation method is applied on each part to make it a remote cloaking device. As an example, after applying the second transformation function, segment *A* turns into *A*′, which is composed of four different regions. Zoom in view used to clearly visualize the different regions of each part in reference to the derivation in the main text. PEC, perfect electric conductor.](lsa2016177f2){#fig2}

![The material parameters for the simulated structures in segment *A*′. (**a**) Parameters of region I. (**b**) Parameters of region III. (**c**) Parameters of region IV. (**d**) Parameters distribution of the region II and the parameters in the line along the *x*-axis.](lsa2016177f3){#fig3}

![Comparison of the total electric field distributions in 2-D TE scattering mode for both an object alone and the same object beside the object independent remote cloaking device. (**a**) The incoming TE wave is impinging a PEC circular shaped object along the *x*-direction, producing large scattering, while in (**b**) the object independent remote cloaking device reduces the scattering effect, achieving to cloak the circle. Similarly, the scattering of a PEC square shaped object in (**c**) and a dielectric star of *ε*~0~=5 and *μ*~0~=1 in (**e**) are reduced in (**d**) and (**f**) respectively. This figure validates the object independency concept of the proposed device. (**g**--**i**) The comparison of the calculated far field differential RCS via different azimuthal angles. RCS, radar cross section.](lsa2016177f4){#fig4}

![Reduction of the total RCS by the simulated cloaking device for different frequencies with the assumed dispersion model.](lsa2016177f5){#fig5}

![Total field distribution of the cloaking device and differential RCS with different loss tangents of (**a**) *δ*=0.0001, (**b**) *δ*=0.001, (**c**) *δ*=0.01 and (**d**) *δ*=0.1.](lsa2016177f6){#fig6}

![(**a**) The designed unit cell. The periodicity of the unit in the *u-v* plane is *p*~*u*~=*p*~*v*~=9.35 mm and it is repeated along the *w*-axis with a period of *p*~*w*~=5.11 mm. The substrate has thickness *b*=3.2 mm. Two copper SRRs have *d*=400 μm and *t*~*s*~=60 μm. Two copper rods perpendicular to each other are on both sides. By adjusting the unit structure, the retrieved parameters will fit the requirement, as shown in **b**--**d**. (**b**) Retrieved parameter of unit I. The permittivity of the substrate is *ε*~sub~=10 while *r*~1~=1.87 mm, *r*~2~=2.18 mm, *s*=780 μm, *w*~1~=100 μm, *l*~1~=9350 μm, *w*~2~=30 μm, *l*~2~=9350 μm and *t*~*r*~=60 μm. (**c**) Retrieved parameter of unit II. The permittivity of the substrate is *ε*~sub~=10 while *r*~1~=1.87 mm, *r*~2~=2.18 mm, *s*=780 μm, *w*~1~=620 μm, *l*~1~=8920 μm, *w*~2~=200 μm, *l*~2~=9350 μm and *t*~*r*~=30 μm. (**d**) Retrieved parameter of unit III. The permittivity of the substrate is *ε*~sub~=2.1 while *r*~1~=3.58 mm, *r*~2~=4.52 mm, *s*=21 μm, *w*~1~=600 μm, *l*~1~=9349.2 μm, *w*~2~=53 μm, *l*~2~=9350 μm and *t*~*r*~=150 μm. (**e**) Retrieved parameter of unit IV. The permittivity of the substrate is ε~sub~=2.1 while *r*~1~=3.58 mm, *r*~2~=4.52 mm, *s*=21 μm, *w*~1~=600 μm, *l*~1~=9349.4 μm, *w*~2~=141 μm, *l*~2~=9350 μm and *t*~*r*~=30 μm. At the frequency of 3 GHz, the real part of the retrieved parameters are: *ε*~1*u*~=1.23, *ε*~1*v*~=0.79 and *μ*~1*w*~=1.25 for unit I, *ε*~2*u*~=0.073, *ε*~2*v*~=12.78 and *μ*~2*w*~=1.30 for unit II, *ε*~3*u*~=−0.196, *ε*~3*v*~=−5.17 and *μ*~3*w*~=−1.01 for unit III, *ε*~4*u*~=−0.032, *ε*~4*v*~=−30.48 and *μ*~4*w*~=−1.00 for unit IV, respectively.](lsa2016177f7){#fig7}

![Schematics of an object independent illusion device that remotely transforms the image of one object (a flower) into another object (a stick). (**a**) The flower (any object) is free to move inside the hidden region surrounded by the remote illusion device in real space. (**b**) The stick (or any object used for illusion) in the illusion space. (**c**) Designing methodology of the remote illusion device in real space. The remote illusion device is based on the remote cloaking device ([Figure 2](#fig2){ref-type="fig"}) with some minor addition such as a stick (or any object) embedded into the cloak region *B*, originally transformed from virtual space. Next, the stick (or any object) is further compressed to the *B*′ region while maintaining the same domain.](lsa2016177f8){#fig8}

![The numerical demonstration of remotely transforming the image of a dielectric flower with *ε*~*f*~=3 and *μ*~*f*~=1 into a stick with *ε*~*s*~=5 and *μ*~*s*~=1 through an object independent remote illusion device under an incident TE plane wave propagating from left (**a**--**c**) and top left (**d**--**f**). (**a**) Scattering behavior of the dielectric flower. (**b**) Scattering behavior of the dielectric flower besides the object independent remote illusion device, identical to that of the dielectric stick as shown in (**c**). (**d**--**f**) The incident plane wave is rotated by *π*/4 with respect to the objects and the remote illusion device. The scattering pattern of (**e**) is exactly the same as that of (**f**).](lsa2016177f9){#fig9}
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